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Abstract

Diazo-type positive pbotoresists are commonly used for pattern replication by the
integrated circuit industry in a thickness range = 0.3-3um. We are using these same
resists at thicknesses as great as 40um to form electroplating molds for the fabrication

of micro-Fresnel zone plates. Difficulties are encountered when films thicker than :
15-18ym are used for pattern replication. Most significant of these difficulties are: i)
the occurance of bulk microfractures throughout the resist volume, ii) loss of OV
sensitivity, and 111) sidewall taper in high aspect ratio structures. These .
difficulties, with the exception of the sidewall taper, can be overcome with appropriate
resist processing schedules,

Introduction

Ultrathick photoresgist is being used as an electroplating mold in the fabrication of

free standing, gold Fresnel zone plates, The zone plates are used in coded imaging

exnerimantq to dlaﬂnose the x-ray and ?ari-iﬁ'ln emigsions from lazer yl.vduk.!:d }_J.l.cl‘.ﬂudb.

Figure 1 1llustrates the zone plate geometry. It is characterized by the number of zones
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figure 1. Zone plate‘photomaék with 100 zones and an outer zone
width of Sum.

{n)}, the width of the outermost zone (Arp), and the material thickness (t}, The
features of a "geometric" zone plate’_gre related by the following expression-
In = r,vn in=1, 2, 3, 4,...)
of the nth zone,

where tn is the onter radias

When used in coded imaging experiments, the attainable spatial resolution of the zone

'lj.laté camera is nrnnnrl—inha1 to the minimum zone width lAr_\ the temog:a?uib

resolution is 1nverse1y proportional to the number of zones (n), and the energy of the

x-rays or particles that can be imaged increases with increased zone plate thickness

fi’\i r'ﬂﬂ'lin and gmith have discussed the unss and fabhrication of gold zone ya.ute.s with

thicknesses up to 7um.?® Because of the need for a high energy x-ray imaging capability,
we have extended these techniques to fabricate gold zone plates as thick aa 38um,

— A Tighimes mf omesomos .
F"“"‘A‘“g an 1m...._.,5ug Capub.ul.l.u.y to ~ 40kev, Table I pl.uva.uca a J.J.-':lt.l.ll\j of yﬂl.dl-ll!‘:\-t:i--‘-’f

(n, Arp, t)} for free standing, gold zone plates routinely produced in our laboratory.
Figure 2 is a SEM micrograph of a gold zone plate that is lzum thick, has a minimum zone

- o~ - Py, B e
width of Sum and is comprised of 240 zones. The radial struts are used solely for

*Work performed under the asuspices of the U. 5. Department of Energy by the Lawrence
Livermore Laboratory under contract number W~7405-ENG-48.



TABLE 1

DiMENsioNS OF FABRICATED Zone PLaTES

No. oF D1AMETER Outer Zowe THICKNES! Turckne

ZonEs = WipTh WIDT; RA;;;
n d{mm) ar{um) t/ar
100 0.4 1.0 2.0
100 1 2,5 2.4

© 100 .2 5.2 (0.6-2.0)
2an 5 5.2 {1.3-3,6)
240 10 10.4 (2.4-3 F)
240 14.4 15 (1.9-2.5)

T i R

raphs of a 12um thick gold micro-Fresnel
= Sum, n = 240,

stroctural support, An illustrative outline of the procedure used for the fabrication of
thick zone plates is presented in Figure 3. Essential to the success of this procedure
are steps 2-4, processing the ultrathick photoresist 1ayer, which is subsequently used as
an electroplating mold. We have investigated the problems and limitations of ultrathisk
positive photore51st processing and have developed technigues for the replication of
microstructure patterns in 40um thick photoresist films. 1In the following sections we
detail the processing techniques which have been developed, while discussing the problems

and limitations incurred.

rxocesslng Problems

Pattern replication in p051tive photoresist is usually carried out in thin films
(0.3-3um). The processing details and procedures for this range are well established.'
Because of ,our need for narrow linewidths {1-10um} in our thick micro-Fresnel ;tructufes
we have pursued pattern replxcation in these same positive photoresists. Negative &
photoresists were not found suitable for our purposes because of their lower contrast . .
ratio which results in lower aspect structures and because of their tendency to swell

during development which could cause adjacent bars of resist to touch and bridge toqether.

.

We have found significant changes in the processing regquirements as photoresist
thickness increases. There are difficulties 1ncurred with ultrathick photoresist films
that are either non-existent or of minor consequence for thin films. This {s not
surprising 51nce important photoresist parameters such as:

® Generated gas {N,} diffusion length {La)
e "Diffraction lenath' {a2/1)
do not scale with the increase 1n photoresist thickness. As a result, when the photo—

IR R R

resist thickness, Tr>> %5, extremely long exposure times are required and non-
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Figure 3. Zone plate fabrication sequence.

uniform photoresist exposure may result. When T, r>>203, internal s
up within the bulk of the photore51st during UV exposure as evolve
long diffusion path in order to escape (S5ee Appendix). And when T
spreading of the UV light within the thick resist layer affects th
re31st pattern produc1ng tapering of the resist srdewalls {a = patte

wavelength)}.

In developing successful processing schedules for photoresist film thicknesses in the
7-40pm range we identified a number of specific problems. Some of these were minor and’
perhaps best classified as mere inconveniences, Examples” are: resist thickness =g
non—unlformlty and irreproducibility; long exposure time requirements; and brittleness
of thick resist patterns. Other problems were major, requlrlng s;gnlficant changes in
processing schedules and careful control of same. In particular, we observed the
occurance of microfractures throughout the volume of thick resist layers during UV
exposure. This phenomenon could be controlled by extended prebake which in some casges
led to a serious reduction in photoresist sengitivity unless folliowed by appropriate.
humidity conditioning. For ultrathick photoresist patterns (~40um) a delicate balance
. between prebake and humidity condltlonlng schedules had to be maintained in order to
achieve success, Flnulry, some problems - such as sidewall taper - are more fundamental
and require a change in UV wavelength or pattern linewidth (i.e. reduction in structure’
aspect ratio) for abatement. In the follow1ng paragraphs, we discuss in detail each of
these classes of problems -describing their occurance, possible causes, and procedures
used for their control. -

Resist Thickness Irreproducibility and Non-Uniformity. This problem is related to the
thod of resist appLication. loealry, the resist film should be flat so that there are
no gaps between the photomask and resist during contact printing., It is alsc desirable
to be able to reproduce a given thickness time after time. There are several methods
that can be used to apply pnorotes1sr films to a substrate: 1) spinning, 2) spraying,

3} dipping and 4) roller coating. When using any of these application methods for
ultrathick films, it is necessary to use multiple coatings of viscous photoresist.
unLurcunaceiy, successive coatings dissolve previous layers even when short prebakes are
uged in between, This results in a buildup of the resist thickness that is not linearly
related to the number of coatings applied. 1In addition, the thickness uniformity over
one sample can vary widely if the application method is not closely controlled We chose

to spin on our resist coatings and found it important to not allow the resist to sit on-a

previous layer for more than a few seconds, and to spin each coating for a full 390
seconds. This method maintained a thickness vniformity per sample to within * 10% and x
batch to batch uniformity also within : 10%8,° As a matter of procedure, all thick

photoresist f£ilms undergo profilometer measurements of thickness following the prebake
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Resist Brittleness. Positive photoresist.is found to be quite brittle following

ol T

prebake. Thls brittleness, a result of the mechanical and thermal properties of the’
Novalak resin making up the positive resist, will cavse it to crack i{f subiected to undue
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thermal or mechanical stress, Figure 4 shows a poslt1ve photoresist £ilm that was
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ck. The bleached image

of the zone blate is v151b1e in the pho;oresist.
intentionally subjected to thermal stress following exposure. The long narrow cracks in
the £ilm can be seen along with the bleached image of the zone plate pattern.7

[

We found that for photoresist films thicker than 15-18um, there was sufficient the
and mechanical stress in the spray developer techn1que to produce resist cracking as
shown. In addition, resist cracking was found to occur during vacuum contact printing
for resist films having severe surface non-uniformities (i.e. high spots). The

mechanical stress associated with the vacuum contact photomask would cause the tesist

.l.ayer to shatter aur1ng or pflﬂf to UV exposure.

=
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~ Photoresist cracklng, once it occurs renders a sample virtually useless. Nevertheless.
the problem is easily controlled through the use of immersion (rather than spray}
development procedures, and proper screening of photoresist samples to reject those wit

______ DI ELRiADk L R 4=

undue surface roughness. ‘ .

Long Exposure Time. It is not uncommon for pattern replication in ul

trathic

photoresist to reguire UV exposure times on the order of one hour. Such lon
coul
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exposure
times, while only a minor inconvenience for our zone plate application, reprdasent a
serious limitation to production rates in an industrial environment Qine
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Diazo-type positive photoresists the UV absorption length is of order lum, UV energy is
initially absorbed only near the top of the film, Only when the photoactive part of the

photoresiat in this thin layer iz bleached can the UV penetrate to underlying resist

layers., (The photoresist resin, which is not bleachable only contributes sl1ght1y to UV

abgorption). L
Models have been proposed which adequately describe the exposure and development

echedules for positive photoresists. 1In such models the UV sensitive photoactlve

compound is considered to be an inhibitor which prevents the alkaline developer from

dissolving the photoresist.’ When the inhibitor absorbs UV, it undergoes a chemical
change leading to the formation of an acid which is soluble in the alkaline developer.

Quantitatively the destructicn of the inhlbitcr by Uv light can be expressed:
b4 ) -
: I(x,t) = exp — [Bx + A f M(x',t)dx'] (1} -
i 5
W &
" M(x,t) = exp - S CIDI(x,t')dt' (2)
e . @ SR
where: ’
I{x,t} = UV intensity {normalized to 1)
Mi{x,t) = fractional inhibitor concentration *
I incident UV intensity

 distance into the film
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A = inhibitor absorption coefficient ifum 7}

B = r951n absorptlon coeff1c1ent“(umr*) '

C = inhibitor QQCQY rate per unit

intensity (em“/mj) i :
Equations {1} and (2) have been Mmived dms Bduynberger et. al. for photoresist thick-

nesses up to 2um.!° We have used numsricyl ‘intkgration to extend those solutions to
thicknesses up to 100um with an indident:UV intensity of 10muw/cm< at A~ 40478 The
following values were used for the doefficients: A = 1.055um 1, B 0. G“ium‘i,
C =0, 020m2/mj for the shipley AZ resistxand 3 # 1.184um"1l, B = 0. 069um‘
€ = 0.17cmé/mj for the Kodak B09 resist.**)! »; i '

The results of these calculation&“are présentdd in Figures 5 and 6. Plotted are
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Figure 5. Calculated exposure time Figure 6. Calculated exposure time
required for Shipley Az required for Xodak 809-
regist. (I_ = 10mm/cm ). resist. (I_ = lOmm/cm ).
The curves Ior M = 0.6 The curves for M = 0.6
and 0.8 are pearly coin- and 0.8 are nearly coin-
cident with the abhove cident with the above
curve for M = 0.4. curve for M = 0.4. Two
Several experimental experimental points are
points are also plotted. plotted. '

exposure time versus resist thickness for inhibitor concentration reductions to 0.4 -for
two positive photoresists, Shipley AZ and Kodak B809. (A photoresist with inhibitor
concentration of 0.4 is considereéd to be heavily exposed. J fote that_a 50um film of
the Shipley AZ resist requires an exposure of ~2 hours, using a 1l0mw/cm? UV source

while the same thickness of Kodak 809 requirea an exposure of ~1 hour, This is due -
primarily to the higher resin absorption coefficient {B) of the Shipley AZ photoresist.
Several experimental points are plotted in Figures 5 and 6 and the observed development
rates are indicated, These rates, in the range 3-8pu/min. are in agreement with results

reported by others.}'!?

Major Problems

Microfractures., Pattern rpnlirafinn in photoresist films having thicknesses in the

range 7-15um can be successfully achieved by following a processing schedule which -
includes a final 30 minute prebake at 90 ©C just prior to UV exposure. However, when
photoregist thickness is increased to greater than 15~-18um sgerious problems are found to

DNVLLL DLt RRLILEXRIITS PR ALY bt sl Lilgil L2 oL AaS ara TiLG A Sk 8N

arise during UV exposure, These problems take the form of microseopic "bubbles™ or
"fractures™ occuring throughout the .volume of .tha .photoresist. Figure 7 is an optical

** Reference to a company or product name does not imply approval or recommendation of
the product by the University of Californiz duy the U.S. Department of Energy to the

exclusion of others that may be suitabley 3I p-le..:. . .
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ProTores1sT CoATING PROCEBURE

THEICKNESS Viscosity . # oF Coats RPM
3um 3es 1 1500
& g4 1 1000
1 3 2 1000
15 9 2 1000
21 9y 3 1000
30 9y 4 plilty]
42 9y 5 1000
54 L & 1000
Table III and plotted in Figures 5 and 6. A UV source intensity of 10mw/cm? was used
TABLE 111
Exposure-DEvELOPMENT ScHEDULE SHIPLEY AZ REsIsT
THiCKNESS Exposure " DEVELOPMENT
Zum 0.5 MIN 0.75 min
6 1.3 1.2
10 2.5 1.8
18 5.0 5.5
24 . 12,0 4,0
24 (Kopak 809) 8.0 3.0
29 30.0 7.0
40 £0.0 12.0
50 (Kopak 80%) £0.0 12.0
for exposure. This UV source was a mercury short arc lamp with emission lines at 365nm,
405nm, and 436nm. The intensity was measured with a sensor whose peak response was

centered around the 405nm emission line where the photoresist iz most sensitive. Aan
"adequate" exposure, defined as one producing an average development rate of 3-8um/min,
was used. Photoresist films less than 18um thick were spray developed, while thicker
films were immersion developed to avoid photoresist cracking. Following development the
high aspect ratio photoresist patterns are ready for use as electroplating molds for gold
Fresnel zone plate fabrication.

Summary and Conclusions

The need for coded apertures for high energy x-ray imaging has motivated the
development of methods for pattern replication in ultrathick positive photoresist., We
have identified a number of problems associated with the use of thick layers of the
positive photoresists used by the integrated circuits industry, and have developed a
series of specific processing procedures for films in the 7-40um thickness range. We
were limited to Ty « 40um by the formation of microfractures within the bulk of the
resist. Photoresist patterns greater than 40um thick will require replication methods
other than UV lithography. Two approaches appearing to have promise are x-ray
lithography and reactive ion beam etching,

UL dD) allld Leactilve 2
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Figure 7.
I'J.LL.I.U‘LLCIL.LU..L!:.‘:» J.ULHI. J.Jl L.ll!: ll!‘_‘dVJ.J.y c:xpu::eu areas UI Ene
film. The bleached image of the zone plate is also

visible. -
mlcrograph exhlbltxng the microfracture problem in a UV exposed sample of 25um thick
photoresist, (The zone plate pattern is bieached into the photore51st by the UV
exposure). Photoresist samples which develop microfractures during UV exposure

guring UV €xXposure cannot be
used for h1gh precision pattern repllcatlon. They are highly unstable during development
and linewidth accuracy cannot be maintained.

The microfracture problem can be controlled in photoresist films 15~40um thick by

careful manipulation of the prebake schedule, It was found, for example, that for

photoresist filma ~18-24um thick a final prebake for 1§ hcurs at 70 °C would eliminate

the occurance of mlcrofractures during UV exposure. This schedule had to be altered for
photoresist films ~24-40pm thick. For such films strict adherence teo the follow1ng

schedule was necessary to eliminate the occcurance of microfractiures: final prebake for

10 hours at 85 °C, followed by a controlled humidity environment for 3-5 hours at
45-50% relative humidity at 22 ©C, followed by immediate UV exposure, The controlled

homidity environment was found necessary to regain resist UV sensitivity after the long

85 °C prebake. However, increases in the time or humidity of the controlled humidity
environment would cause the microfractures to reappear during Uv exposure. '

For photoresist film thicknesses in excess of 40um the delicate balance between
extended prebake to eliminate m1crofractures and controlled hum1d1ty environments to

rena1n rne‘ci— cancitivitey ha T AT]

sensitivity became very difficult to maintain. Success rates for pattern
repllcatlon dropped below 5% and results were in general non-reDroducible. A detai]nd

has not been undertaken, However, the resist behavior as described in the preceding
paragraphs is not inconsistent with what is already known about the properties of

p051t1ve photore51st. The evolution of nltrogen durlng uv exposure of p031t1ve
photoresist is well known.' It is possible that for a resist thickness suffxcxently
greater than the diffusion length for the evolved nitrogen, gas buildup produces sizeable

internal stresses that lead to the formation of mlcrofractures. (A short Appendix is

devoted to a discussion of this mechanism.} Extended prebake schedules may serve to
control microfracture formation either by reducing the rate of nitrogen evoll ‘Aur

——————————————— AAA WAL YT :VU.I.HLI.UII uuliﬁg
UV exposure or perhaps by strengthening the photores1st making it less susceptible to

rupture. However, the possible affects of trapped solvents on mlcrofracture formatlon

should not be discounted, although a precise mechanism has not been identified. The

importance of H,0 in the photo—chemlcal reactions that take place during UV exposure is

well known.!*7!% go then, the importance of humidity cond1t10n1ng to replen1sh moisture

content (which had been driven off by an extended prebake} and thereby regain UV

sensitivity is consistent with our expectatlons of positive photoresist behavior..’
Finally, the loss of UV sen51t1v1ty in positive photores1sts as a result of extended,

high temperature prebake is also well known and could explain the unrecoverable loss of

uv sen51t1v1ty in some of the films we worked with.

E

Sidewall Taper. 1In the rication of high aspect ratio (5 line height/line width)

U.I.J. A
microstructures, the verticality of the pattern sidewalls is a carefullv monitored
parameter, Although sidewall vertlcallty is not cr1t1ca1 to the proper functlonlng of

- ernal -
thick micro-Fresnel zone

l"h

a

plates in coded iulag;utj apy.l.J.L.al.J.ullb, it may be J.III.PU[I;&I’H: :|.n

other applications of high aspect ratio structures and the affect of resist thickness on
this parameter is worthy of discussion.



Militating against the maintenance of sidewall verticality in Photolithographically pro-
duced structures are diffraction effects which spread the UV light after it passes through
the narrow linewidth photomask, For pattern replication in thin resist {Tr<<al/ij ;
diffraction effects can be controlled by maintenance of intimate contact between the
photomask and resist surface., Various technigues have been developed to enhance
photomask contact and thereby improve pattern linewidth control and sidewall taper.
However, pattern rep11cat10n in ultrathick photoresist (Ty ~ aZ/3) will suffer from
diffraction effects even when ideal photomask contact is achieved. The UV light is
diffracted into the thick resist layer producing a ccmplicated, three dimensicnal pattern .
of exposure. The ultimate geometry of the resultlng resist structure will depend on this
three dimensional exposure pattern in addition to development effects such as the
nonlinear dependence of resist development rate on exposure level ang the variation of
contact time (between developer and resist sidewall surface) with depth in the rezist,
Detailed computational models exist which, taklng into account all these effects, can
provide accurate estimates of the ultlmatﬂ resist geometry under these conditions!®
However, such an analy51s iz beyond the scope of this presentation Our messzge here is
simple and twofold: First, we observe experlmentally for photore51st thxcknesses
T = 0. 232/1 sidewall taper becomes a significant problem. Secondly, the problem of
sidewall taper is fundamental associated with the physical effects of diffraction, an
cannot be m1t1gated 51gn1ficantly by the mere alteration of resist proeessxng schedule
In order to increase resist pattern thickness while maintaining sidewall verticality t
choices are simple- increase pattern linewidth, a, or decrease exposure waveiength, 1,
{e.g. x-ray lithography),!® or, elect an alternate pattern repllcatlon process (e.g.

reactive ion beam ntr-hlng}?“

s}
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Figure 8 illustrates a 24um thick gold Fresnel zone plate which was electroplated in a

Figure 8. SEM micrograph of a 24y

hd

Ml Cild

plate showing a sidewall tap
For this sample, T, = 0.1a°

=]

CKk gold micro-Fresnel Eone
er of approximately 85
X

241m resist mold having some sidewall taper. The sidewall angle shown is 85°. 1In this
case 1, ~ .1 aZ/x, '

Processing Procedures and Schedules

All of the photoresist films used in this stud dy were spin applied to substrates., When
multiple coats were used, a 15 minute air dry and 15 minute prebake at 90 ©C yas vsed
between coats. Table II lists numbers of coats, resist viscosities and spin speeds
necessary to achieve various photoresist thicknesses in the range 3-54um,

Following resist application and edge bead remcval, each sample underwent a final.
prebake. Photoresist samples less than 18um thick required a one half hour prebake at
50 °c., Samples 18-24um thick required an extended prebake of 16 hours at 70 9 g
prevent microfracture formation as dxscussed above. Samples 24-40um tthk requlred a
prebake schedule of 10 houre at 85 9C followed by a 3-5 hour recovery period in a
45-50% relative humidity environment at 22 °C., For samples. greater than 40um thick
microfracture formation (during Uv exposure) could not be reproducibly prevented using

e M oL ¥ o e

simple prebake and humidity conditioning techniques.

Photoresiet exposure and development times for a number of thicknesses are listed in



Appendix
Nitrogen Pressure Buildup in Ultrathick Photoresist Duting UV Exposure. The following
brief discussion provides a rather simple model and plausibility argument for the buildﬁp
of sizeable internal gas pressure during the UV exposure of ultrathick photoresist.
Although this may be a contributing mechanism to the formation of microfractures, a
systematic experimental test of +this model has not been pursued and other possible causes
of the microfractures should not be excluded from consideration

-We consider the UV exposure of a thick photoresist layer after a time sufficient for
the photoactive compound to have been bleach d down to depth L>>%_. At this time the
UV intensity reaching depth L is of order I e and it ie absorbed by the unbleached
inhibitor over a short distance of order g © Asgume that the absorption of each uv
photon liberates an N, molecule which contBibutes to a diffusion current (driven by the
buildup of the local ﬁz pressure} originating at the thin UV absorption layer and
traveling through the fesist thickness L to its surface. 1In the steady state, a pressure
gradient is required to drive this current of nitrogen molecules through the resist. The
resultant pressure gradient is proportional to the particle current and inversely
proportional to the diffusion coefficient; estimates?! indicate that pressure gradjent
of 1 atmosphere/tm is required to drive a particle current of ~4 x 10 @giecules/&ﬁ sec.
The current density arising fﬁom UV exposure will be proportional to I e . We
estimate that for I 1610mw/cm and,L~10im the resulting steady state particle current
would be of order 18 molecules/cm“/sec., and the steady state condition would be
established on a time scale of seconds. So then, under these conditions, we
anticipate the establishment of an internal nitrogen pressure gradient of a few
atmospheres/um. Over a distance of 4-5um a Pressure increase of 10 atmospheres can
easily be achieved (arbitrarily define £. to be the distance associated with such a

-
L=
e

pressure increasge), and for resist thickHess 1 »>= Ly we anticipate that the internal
pressure buildup can begin to threaten the phygical integrity of the photoresist.
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